Developmental phenotypic plasticity can allow plants to buffer the effects of abiotic and biotic environmental stressors. Therefore, it is vital to improve our understanding of how phenotypic plasticity in ecological functional traits is coordinated with variation in physiological performance in plants. To identify coordinated leaf responses to low-water (LW) versus low-light (LL) availability, we measured leaf mass per area (LMA), leaf anatomical characteristics and leaf gas exchange of juvenile Populus tremuloides Michx. trees. Spongy mesophyll tissue surface area (A smes /A) was correlated with intrinsic water-use efficiency (WUE i : photosynthesis, (A area )/stomatal conductance (g s )). Under LW availability, these changes occurred at the cost of greater leaf tissue density and reduced expansive growth, as leaves were denser but were only 20% the final area of control leaves, resulting in elevated LMA and elevated WUE i . Low light resulted in reduced palisade mesophyll surface area (A pmes /A) while spongy mesophyll surface area was maintained (A smes /A), with no changes to WUE i . These leaf morphological changes may be a plastic strategy to increase laminar light capture while maintaining WUE i . With reduced density and thickness, however, leaves were 50% the area of control leaves, ultimately resulting in reduced LMA. Our results illustrate that P. tremuloides saplings partially maintain physiological function in response to water and light limitation by inducing developmental plasticity in LMA with underlying anatomical changes. We discuss additional implications of these results in the context of developmental plasticity, growth trade-offs and the ecological impacts of climate change.
Introduction
Plants, especially trees, must survive enormous variation in abiotic and biotic environmental factors over the course of their lives. For instance, light is a primary driver of photosynthesis and signaling in plants, and may fluctuate by two orders of magnitude in a complex canopy due to competitive shading (Lambers et al. 2008 , Nobel 2009 ). Water availability also varies spatially and temporally, and water deficit severely disrupts plant growth and photosynthesis, ultimately limiting ecosystem productivity (Passioura 1996 , Lambers et al. 2008 . To deal with heterogeneity in environmental conditions, plants have the capacity for considerable phenotypic plasticity (Bradshaw 1965 , Sultan 2000 , Callaway et al. 2003 , Gratani 2014 . Understanding the mechanisms of plasticity through which plants maximize fitness in variable environments is thus a key goal of plant physiological investigations.
The anatomical and physiological coordination and trade-offs underlying acclimation in leaf traits and their link to functional trait variation are still largely unknown (Poorter et al. 2009 ). This is surprising as leaves exhibit extensive morphological and functional plasticity during development that facilitates maintenance of leaf function during exposure to stressors (Nicotra et al. 2010 , Palmer et al. 2012 , Gratani 2014 . Additionally, this plasticity may facilitate individual survival by allowing plants to buffer or altogether avoid the effects of negative environmental stresses (Cordell et al. 1998 , Callaway et al. 2003 , Charmantier et al. 2008 . Advancing our knowledge of the coordination of plastic leaf morphology and physiology can therefore improve our understanding of whole-plant responses to abiotic stresses (Chevin et al. 2010 , Matesanz et al. 2010 , Gratani 2014 . This, in turn, will increase our predictive power for future ecological studies evaluating the impacts of climate change on plant communities (Buckley and Kingsolver 2012, Anderegg and HilleRisLambers 2015) .
Leaf functional traits related to the morphology and anatomy of leaves are likely to respond to changes of environmental variables and influence physiological function. These traits have commonly been utilized to assess between-species differences (Poorter et al. 2009 ), but may also be relevant to understanding within-species constraints on physiology. For example, the ratio of whole-leaf dry weight (LDW) to the total leaf area (LA) of one side of the same leaf, i.e., the functional trait leaf mass per area (LMA, g cm −2 ), signifies the leaf-level carbon cost of light interception and transpirational leaf surface area (Poorter et al. 2009 ). Leaf mass per area varies widely within individual species, sometimes more than it varies across species (Albert et al. 2010 , Messier et al. 2010 , and likely affords species the ability to maintain physiological function despite variation in the environment. Mesophyll surface area per leaf area (A mes /A) is another critical leaf trait that combines cell surface area, volume and internal airspace and signifies the total area available for CO 2 uptake by photosynthetic cells within the leaf (Nobel et al. 1975 , Nobel 2009 , Terashima et al. 2011 , Sack et al. 2010 ). However, we lack a complete understanding of the effects of low-water (LW) and low-light (LL) availability on leaf cell volume, cell number and thus tissue configuration, and how these anatomical changes alter LMA and ultimately combine to influence leaf gas exchange. To investigate the coordinated anatomical and physiological leaflevel changes plant species can employ to deal with environmental stressors, we explored plasticity in Populus tremuloides Michx. (trembling aspen) in response to LW versus LL availability. We chose aspen because this species exhibits high phenotypic variation in leaves not only across latitude and within individual trees (Barnes 1975) , but also across its elevational range (Anderegg and HilleRisLambers 2015) . Additionally, because trembling aspen is utilized for commercial wood production and has a considerable influence on ecosystem function (Howard 1996) , the responses of this species to climate change will have large biogeochemical, economic and ecological consequences (Debyle and Winokur 1985, Howard 1996) . Although many studies have experimentally examined the effects of LW and LL on plant physiological function (Morison and Morecroft 2006 , Poorter et al. 2009 , Taiz et al. 2015 , few to our knowledge have linked variation in leaf morphology, anatomy and function. We experimentally subjected aspen to LW and LL stress to explore the links between leaf morphology, anatomy and function. Both water availability, through increased drought stress, and light availability, through changes in competitive environments, may be altered by climate change (Seager et al. 2007 , Cayan et al. 2010 . The objectives of our study were to investigate the extent of plasticity in leaf morphology (LMA) under environmental stress (LW availability, LL availability), the underlying anatomical characteristics that contribute to plasticity in LMA and the resulting effects on leaf gas exchange.
Materials and methods

Experimental design
We established a seedling experiment in the University of Washington Biology Greenhouse (Seattle, WA, USA), subjecting aspen seedlings (15 individuals per treatment) to one of three treatments: a well-watered high light control (C), a LW availability treatment with high light (LW) and a well-watered LL treatment. We started with bare root (50 cm in stem length) dormant P. tremuloides seedlings individually planted in 3.8-liters soil-filled pots. Seedlings were originally grown by Fourth Corner Nurseries (Bellingham, WA, USA) from seeds collected from multiple aspen clones across Idaho. After breaking dormancy, seedlings acclimated for 6 weeks to ambient greenhouse conditions of full sunlight (~1800 µmol m −2 s −1
), well-watering (to field capacity 2-3 per week) and sufficient fertilizer (one application per week). Soil consisted of sphagnum peat moss, dolomitic limestone and a high percentage of coarse perlite (Sunshine Mix #4/ LA4, SunGro Horticulture, Agawam, MA, USA). Fertilizer was applied at moderate strength into greenhouse water, consisting of General Miller Iron Chelate D 10% Fe, and Magnesium Sulphate Heptahydrate (Plant Marvel Nutriculture, Chicago Heights, IL, USA; Irrigation Mart, Ruston, LA, USA; Canadian Agri Products, Plano, TX, USA). To reduce the possibility of bound roots, at the end of the fourth week of this acclimation period we removed one-third of each seedling's roots and repotted the remaining seedling and roots in fresh soil in new gallon pots, then allowed seedlings to recover for 2 weeks before initiating experimental treatments.
The influence of LW versus LL availability was investigated during and after an 8-week treatment period (21 June 2015 to 17 August 2015). All saplings (now~1.2-1.5 m tall) were randomly subjected to one of three treatments: well-watered, high light control (C), low-water high light (LW) or well-watered LL (n = 15). During the experiment, relative humidity ranged from 50 to 65% and temperature ranged from 14.5 to 30°C (lower representing colder nights and the upper representing peak summer days) with the mean temperature being 21°C (Ibutton temperature sensors, Maxim Integrated Products, San Jose, CA, USA). We rotated pots randomly every 4 days to reduce microclimate effects.
Water availability
To accommodate the varying nutrient requirements that follow variation in leaf and root area among individual plants (Gilbert et al. 2011) , we established the weight of the pot at full soil saturation and water-holding capacity. Thus, all plants and soil within their respective pots were initially submerged in containers of fertilizer solution for 3 h to achieve complete soil saturation (with the water reaching three-quarters of the way up the outside the pots). Following 1 h of drainage, these pots were individually weighed to obtain the mass of each pot at full waterholding capacity. On Day 1 of the treatment period, all individuals were therefore at complete soil saturation. To maintain conditions for the duration of the treatment, each pot was weighed following sunset of each day and resupplied with water equal to the weight lost since the previous day. Well-watered plants (C, LL) were maintained between 75 and 85% soil saturation while LW plants were maintained between 35 and 45% soil saturation (variation in % represents diurnal changes in pot mass due to transpiration and soil evaporation).
Light availability
The LL treatment was created by placing the plants into 2 m tall LL structures constructed of PVC pipes and covered by meshweed barrier fabric (WeedBlock #106-4, Easy Gardener, Inc., Waco, TX, USA). Fabric was layered so that the photosynthetically active radiation (the wavelengths of light that drive photosynthesis) in LL treatments was reduced~80%, from 1800 µmol m −2 s −1 in control and LW to~350 µmol m −2 s 
Measurements
Leaf water potential To monitor the influence of LW versus LL availability on plant water status throughout the duration of the experiment, we measured midday leaf water potential (Ψ L ) on Days 1, 9, 18, 34, 58 and 65 using a Scholander pressure chamber (Model 1000, PMS Instruments, Co., Corvallis, OR, USA). We excised one leaf that was fully expanded prior to the treatment imposition from the lower portion of nine plants per treatment. Subsequent samples were from the same individuals and selected based on general estimations of similar area, age and location on the shoot (n = 9 individuals for C and LL and n = 8 individuals for LW).
Leaf morphology Following 8 weeks of treatment, we measured the LMA (leaf dry mass/LA) of four leaves per plant that emerged and developed during the treatment period (n = 8 plants/treatment). Leaf mass per area values from four leaves per plant were then averaged to obtain one LMA value per individual. Emerging between Week 1 and 2 and then tagged with string, measured leaves were aged within 5 days of each other, and developed throughout the rest of the treatment. Because LMA can vary across leaf ontogeny (Pantin et al. 2012 ) and between leaves produced in different seasons (Reich et al. 1990 ), we standardized leaf age for LMA and anatomy measurements, a confounding effect often unavoidable in ecological observational studies (Poorter et al. 2009 ). Leaves were harvested on Day 65 of the treatment period and digitally photographed. Photographs were analyzed with ImageJ (ImageJ, NIH, Bethesda, MD, USA) to quantify LA:LDW, measured after leaves dried at 70°C for 5 days.
Leaf anatomy We analyzed cross-sections of two leaves collected for LMA analysis and quantified leaf thickness (LT, µm) and A mes /A components: palisade cell length and width (taken to be equal to diameter), spongy cell perimeter, palisade tissue thickness (µm), spongy tissue thickness (µm) and fraction of leaf airspace. Similar to LMA values, all anatomical traits were ultimately averaged to the leaf level and then to the level of the individual. Three 300-µm-long lamina sections per leaf were utilized and then averaged from two leaves per plant for C and LW treatments (n = 8). Low-light treatment values were averaged from two sections per leaf, as opposed to three, and then averaged from two leaves per plant (n = 5). Leaf samples were preserved in 95% ethanol, subsequently rehydrated and sectioned, with a vibratome tissue-sectioning system 5-10 µm thick (Model 1000, TPI., Inc., St Louis, MO, USA). We used a microscope attachment camera (Motic Moticam 1SP CMOS 1.3 MP, Motic, BC, Canada) to photograph leaf cross-sections at ×200 magnification (Nikon model Optiphot), and then used ImageJ (NIH). Cell anatomical traits were measured from five randomly selected cells per 300 µm region. Leaf density (LD) was calculated: LMA = LD × LT (Poorter et al. 2009 ). We calculated total mesophyll surface area per leaf area (A mes /A) by combining the palisade mesophyll surface area per leaf area (A pmes /A) and spongy mesophyll surface area per leaf area (A smes /A). A pmes /A and A smes /A were calculated via methods developed by Nobel et al. (1975) , Nobel (1976 Nobel ( , 1977 Nobel ( , 2009 ) with protocol outlined by Sack et al. (2010) , which utilizes geometric estimates of cell surface area and cell volume, with capsules for palisade cells and spheres for spongy cells.
Leaf gas exchange Before excision of treated leaves for anatomical and morphological assessment, we measured maximum rates of CO 2 assimilation (A area ) and stomatal conductance (g s ) per unit LA on eight individuals per treatment. Individual measurements were ascertained by averaging measurements from three leaves per individual. Leaf level values were obtained by averaging two measurements per leaf. We then evaluated the intrinsic water-use efficiency (WUE i ): the ratio of carbon gain to stomatal conductance (A area /g s , µmol mol −1 ). Measurements were made between 11:00 and 14:00 h on Days 58-62 of the treatment period, with an open-system portable infrared gas analyzer (IRGA, LI-6400, LI-COR, Inc., Lincoln, NE, USA). After an acclimation period in the IRGA, stabilized light-saturated rates of A area and g s were measured, with a reference CO 2 of 400 µmol mol
, an airflow rate of 300 µmol s −1
, chamber temperature of 25°C and photosynthetic photon flux density (the spatial quantity of photons in the PAR region) of 2000 µmol m −2 s −1 on full sunlight treatments (C and LW) and 1000 µmol m −2 s −1 in the LL treatment (light levels were chosen to be above saturating but below oversaturating for each treatment based on light response curves measured (data not shown)).
Statistics
We tested for differences in water potential (Ψ L ), using a linearmixed effect model ({lme4} R Package, Bates et al. 2014 , {lmerTest} R Package, R Development Core Team 2014, Kuznetsova et al. 2016 ) to compare treatment values in LW and LL with the control, using t-tests based on Satterthwaite approximation for degrees of freedom. Treatment and sampling date were specified as categorical fixed effects with a random effect of individual to account for the repeated measures design. We averaged LMA, leaf anatomical traits and leaf gas exchange traits (measured at the end of the experiment) per individual, and constructed linear models to test for significant treatment effects, contrasting LW and LL values against control values using t-tests. Mean trait and/or significance values (*P < 0.05, **P < 0.01, ***P < 0.001) are reported in Figures 1-3 , and in Table 1 and Table S1 (available as Supplementary Data at Tree Physiology Online).
We also assessed relationships between anatomical characteristics (averaged per plant) and LMA as well as relationships Values are ± 1 SE, and ***P < 0.001 (n = 9 for C and LL and n = 8 for LW). P values represent comparisons with the control treatment within the day measured and not between days. Tree Physiology Online at http://www.treephys.oxfordjournals.org between leaf anatomy and leaf function (averaged per plant) using linear regression (no random effects were needed because all values were per plant). All analyses were performed in the R statistical environment version 3.1.0 (R Development Core Team 2014).
Results
Leaf water potential
Both the LW and LL treatments significantly altered leaf water potential (Ψ L ) compared with the control (C) treatment, although in opposite directions (Figure 1) . By Day 9 of the experiment, we found a significant decrease in Ψ L in the LW treatment (−1.49 ± 0.05 MPa compared with −1.22 ± 0.07 in C) that intensified with time until Day 34. By contrast, we observed significant effects of LL on Ψ L , which increased relative to the control by Day 34 (−0.65 ± 0.05 MPa, Figure 1 ). The treatment effects on Ψ L exhibited on Day 34 (LW: −2.14 ± 0.08 MPa, LL: −0.65 ± 0.05 MPa) remained similar for both treatments throughout the remainder of the experiment. Thus, all leaves sampled for trait measurements developed almost entirely under stable LL and LW conditions.
Leaf anatomy and changes in LMA
Leaf mass per area differed considerably between treatments (Figure 2 ) with greater LMA resulting from LW (145% of control (C) value, P = 1.82e−05), and reduced LMA resulting from LL (55% of C value, P = 2.37e−05) compared with the control. The observed differences in LMA were driven by differences in LD in the LW treatment and differences in both thickness and density in the LL treatment (Table 1) . Thickness (µm) did not differ as a function of water deficit while LL reduced thickness by almost 75% compared with the control treatment (P = 7.16e−05, Figure 3 , Table 1 ). Palisade tissue modification in P. tremuloides in this experiment was not due to reduction in the number of cell layers (these leaves developed two palisade layers), but through reduction in cell elongation with greater reductions in the top palisade cell layer (see Table S1 available as Supplementary Data at Tree Physiology Online). Meanwhile, LD increased dramatically in the LW treatment and decreased in the LL treatment (142 and 69% of C value, P = 7.26e−07, 0.000212, Table 1 ).
Total mesophyll surface area per leaf area (A mes /A) scaled positively with LMA (P = 1.336e−09, R 2 = 0.8543, Figure 4a) , with LW inducing a significant increase of A mes /A and LL Table 1 . Mean leaf trait values, significant differences from the control are indicated with asterisks (*P < 0.05, ***P < 0.001). Significance values were ascertained via linear models, using t-tests testing for categorical effects on LW and LL against C. The absence of a trait value signifies no difference when compared with the control. LMA = leaf mass per area, LA = leaf area, LDW = leaf dry weight, LT = leaf thickness, LD = leaf density, A mes /A = mesophyll surface area per leaf area, A pmes /A = palisade mesophyll surface area per leaf area, A smes /A = spongy mesophyll surface area per leaf area, A area = maximum CO 2 assimilation per leaf area, g s = stomatal conductance per leaf area, WUE i = intrinsic water-use efficiency. Tree Physiology Volume 37, 2017
inducing a significant decrease of A mes /A (120 and 65% of C value, respectively, P = 0.02, 0.0007, Table 1 ). This positive relationship between cell surface area and LMA held true for both the palisade layer (A pmes /A, P = 7.587e−07, R 2 = 0.7182, Figure 4b ) and the spongy mesophyll (A smes /A, P = 7.65e−08, R 2 = 0.7779, Figure 4c ). However, the treatment differences in whole-leaf A mes /A were driven by only one tissue for each treatment. Palisade mesophyll surface area per leaf area (A pmes /A) was reduced in LL (58% of C value, P = 0.0001, Table 1 ) with no effect observed in LW (Table 1) . Spongy mesophyll surface area per leaf area (A smes /A) was elevated under LW (155% of C value, P = 0.0001, Table 1 ), due to smaller cells and less airspace, but was unchanged by LL (Table 1, Table S1 available as Supplementary Data at Tree Physiology Online), despite LL leaves having bigger spongy cells in volume and surface area (see Table S1 available as Supplementary Data at Tree Physiology Online). Airspace in LL leaves was marginally significantly less than in C (P = 0.08).
Leaf gas exchange
Maximum photosynthetic rate per leaf area (A area ) was reduced in both treatments, but less so in LW than in LL (LW and LL, 78 and 46% of C value, Table 1) . A area showed a significant relationship as a function of increasing LMA, while g s showed no relationship with LMA (R 2 = 0.3873, P = 0.001, Figure 5a ).
Stomatal conductance was almost equally reduced under LW and LL (50 and 53% of C value, P = 2.94e−9, 6.61e−09, Table 1 ), with much more variation in LL than in water stress ( Figure 5b ). Intrinsic water-use efficiency was significantly elevated under LW and not significantly reduced in LL (153% of C value, P = 8.03e−07, 0.194, Table 1 ). The WUE i increased as a function of increasing LD (P = 1.173e−08, R 2 = 0.8173), A smes /A (P = 9.755e−11, R 2 = 0.8892) and LMA (P = 9.94e−10, R 2 = 0.8147), with LW leaves occupying the upper range in values, and C and LL leaves occupying the lower range in values as they did not differ in WUE i ( Figure 6 ).
Discussion
We found that aspen leaves display phenotypic plasticity when subjected to LW or LL availability, as has been noted for other species in a variety of conditions (Lichtenthaler et al. 1981 , Van Volkenburgh 1999 , Sultan 2000 , Poorter et al. 2009 ). Such plasticity mediates plant function and survival across spatially and temporally varying climate and light availability (Palmer et al. 2012 , Gratani 2014 . Large changes in LMA due to water-and light-limitation resulted from altered leaf anatomy and tissue density, traits which in turn influence gas exchange. The LW treatment induced increased LMA, via elevated tissue density, suggesting large plasticity in leaf development. Moderate photosynthetic acclimation was achieved via modifications in leaf structure, characterized by greater tissue and LD and not differences in leaf or mesophyll tissue thickness (Figures 2 and 3 , Table S1 available as Supplementary Data at Tree Physiology Online). Low-light availability resulted in reduced LMA (Figure 2 ) from reduced thickness in the palisade layer and moderately more airspace in the spongy mesophyll (Table 1) . These changes resulted in WUE i that was elevated under LW, and maintained in LL, at the cost of reducing expansive leaf area in both cases. Below, we discuss these results and their implications in terms of developmental plasticity, growth trade-offs and responses to environmental stressors associated with climate change.
Acclimation to LW
Consistent with other studies, leaf expansion was more sensitive to water deficit than was photosynthesis, leading to limitation of transpirational surface area and thus decreased whole-plant water loss (Van Volkenburgh and Boyer 1985 , Van Volkenburgh 1999 , Pantin et al. 2012 , Table 1, Figure 6 ). While increased LMA and presumably increased CO 2 uptake into spongy Tree Physiology Online at http://www.treephys.oxfordjournals.org mesophyll may offset photosynthetic reductions during drought, elevated LMA came at the cost of having highly reduced leaf expansion (area, 22% of C) such that LW and C trees were photosynthesizing at somewhat similar rates per unit leaf area but much less per leaf. This strategy suggests that greater WUE i may occur at the expense of whole-plant reductions in carbon fixation. The integrated changes in leaf anatomy ( Figure 6 , Table 1,  Table S1 available as Supplementary Data at Tree Physiology Online) indicate a possible mechanism that allowed aspen to elevate WUE i in LW conditions. Aspen reduced cell size and increased how densely cells were packed. This shift in anatomy increased mesophyll surface area per leaf area (A mes /A, Table 1 , Villar et al. 2013) , which likely drove both an increase in LMA (Figure 4 ) and an increase in WUE i (Figure 6 ) in the LW treatment. The relationship between LMA and WUE i across all treatments was almost entirely driven by the LW treatment (Figure 6c ), and the relationship between WUE i and LMA was almost entirely driven by variation in A area and not g s ( Figure 5 ). The changes in A area were presumably driven by variation in A smes /A (Figure 6b) . A likely outcome of these changes is elevated CO 2 uptake within the leaf intercellular airspace (Nobel et al. 1975 , Nobel 1976 , 1977 , Terashima et al. 2011 , and possibly increased mesophyll conductance (g m , Nobel et al. 1975) . Similar mechanisms have been observed in some cultivars of rice (Adachi et al. 2013) , as well as cultivars of Salix (Willow, Patton and Jones 1989) and Picea asperata (dragon spruce) from an arid region of its distribution (Duan et al. 2009 ). Leaf density (LD), A smes /A and LMA followed similar trends with WUE i , suggesting tight physiological coordination between these traits ( Figures 3, 4 and 6) .
Consistent with our results, previous studies have shown that changes in total tissue surface area are coupled with changes in photosynthesis (Evans 1999 , Terashima et al. 2001 . When carboxylation limits photosynthesis, high Rubisco content per leaf area and thus greater photosynthetic rate can only be realized with greater A mes /A and higher relative tissue volume (Barber and Baker 1985 , Evans 1999 , Terashima et al. 2001 . Increased tissue density is sometimes associated with decreased mesophyll conductance and decreased assimilation (Utrillas and Alegre 1997 , Niinemets 1999 , 2001 , Tosens et al. 2012b ), possibly via induction of greater cell wall thickness and reduced mesophyll surface area (Tosens et al. 2012a ). The simultaneous high assimilation and leaf densities achieved in our LW treatment suggest that this may not always be the case. For example, Tomás et al. (2013) found for mesophytic leaves (such as those developed by aspen) that the most variability in g m is due to variability in membrane permeability and cytosol and stromal conductance, rather than cell wall thickness. This would imply only small relative increases in g m with increasing LD in our experiment. Moreover, A mes can be correlated with the exposed area of chloroplast surface area per mesophyll area (A c /A, Terashima et al. 2011) , which could offset any decreased mesophyll conductance from thickening cell walls (Adachi et al. 2013 , Nobel 2009 . The relationship between gross anatomical mediators of photosynthetic capacity such as A mes /A documented here Tree Physiology Volume 37, 2017
and cellular structural mediators of photosynthetic capacity such as cell wall thickness warrants further study as they are clearly complex and important facets of plant growth responses.
Additional contributions to increased LMA in the LW treatment may have directly or indirectly influenced leaf function. For example, leaves with reduced leaf area (e.g., from plants in dry regions or in experimental LW treatments) have greater vein densities (Sack et al. 2012) . Greater vein density reduces leaf dehydration under LW availability, thereby facilitating the maintenance of Ψ L and cellular function (Scoffoni et al. 2011 ). In addition, previous studies have shown that the inhibition of leaf growth in response to water deficit results in the short-term accumulation of non-structural carbohydrates (Bogeat-Triboulot et al. 2007 , Muller et al. 2011 . Non-structural carbohydrates build-up in the LW treatment may have partially increased LMA without directly influencing photosynthetic function.
Elevated LMA and elevated A mes due to elevated A smes in this greenhouse experiment are likely representative of a general plastic strategy employed by both sapling and adult P. tremuloides individuals in the field. Our greenhouse experiment reproduced leaf phenotypes consistent with observations across light and water gradients in the field. In southwest Colorado, saplings at aspen's drought-controlled range limit showed similarly high LMA values to those of our LW treatment (see Figure S1 available as Supplementary Data at Tree Physiology Online). Anderegg and HilleRisLambers (2015) also found variation in specific leaf area (SLA, the inverse of LMA) of mature trees across aspen's elevational range, with lower SLA values (higher values of LMA) exhibited at the species drought-controlled range limit, as well as a positive relationship between SLA and mean basal area growth. These findings suggest that elevated carbon allocation per leaf area, such as we observed, may facilitate maintenance of leaf physiological function at the expense of reducing whole-plant growth.
Acclimation to LL
Young aspen leaves grown in LL developed several structural modifications that reduced mass per area, and enhanced leaf expansion for elevated light interception while maintaining water-use efficiency. LL leaves were larger than LW leaves but half the size of C leaves (Table 1) . Meanwhile, they manifested lower LMA than the C plants as a result of decreased LT and LD (Figure 3) . Decreased LT and LD were both largely driven by decreased palisade thickness rather than any change in spongy mesophyll thickness or density (Table 1, Table S1 available as Supplementary Data at Tree Physiology Online). Previous research has found that shade leaves tend to have greater leaf area and lower LMA, and fewer palisade cell layers than sun leaves on the same individual (Lichtenthaler et al. 1981 , Gurevitch et al. 2006 , Terashima et al. 2011 . We found decreased palisade cell length at LL, but not reduction in number of palisade cell layers. Aspen, like some species of beech, may develop some of their leaves in overwintering buds, and determine the number of palisade layers according to the level of irradiance and photosynthetic productivity of the previous year (Uemura et al. 2000) , thereby limiting regulation of layer number during bud break. Overall, leaves grown in LL fit the shade-leaf habit of reducing leaf mass as a means to increase area for light interception; however, LL leaves were smaller compared with the control, consistent with aspen's categorization as a shadeintolerant species (Loach 1970) .
Changes in other physiochemical attributes of leaves developing under LL likely accompany the morpho-anatomical changes that we observed, further influencing leaf gas exchange. For example, reduction in palisade thickness implies reductions in photochemical machinery and lower photosynthetic rate per unit leaf area (Terashima et al. 2011 ) under non-limiting g s (A area , compare A area with g s , Table 1 ). This effect may be compounded by a reduction of palisade mesophyll surface area (A pmes ) and a further reduction in exposed chloroplast area to intercellular airspace, which can limit g m (Terashima et al. 2011) . In Arabidopsis thaliana (thale cress or mouse-ear cress), greater blue light intensity and subsequent increased blue light reception by mature leaves induce greater palisade cell elongation in developing leaves (Munekage et al. 2015) , suggesting a mechanism for the resulting decrease in palisade cell length. We did not quantify the level of irregularity of the shape of spongy mesophyll cells, which have been found to facilitate light scattering to other cells in LL (Terashima et al. 2011) , and so future studies may want to address the link between cell volume, surface area, irregularity in shape and light scattering within and between species.
It is possible that the assimilation rates and WUE i documented in the LL treatment partially reflect artifacts of the specifications during measurements of gas exchange. While all leaves were measured at 25°C, the indirect light in LL treatment reduces leaf heat load and thus leaf temperature (Taiz et al. 2015) . This reduces the demand for evaporative cooling, resulting in reduced g s , such as we observed. Contrastingly, if the observed reductions in g s in leaves from the LW treatment were due to differences between LI-COR chamber temperature and leaf temperature, we would expect similar reductions in leaves from plants in the C, as these leaves also developed under direct sunlight. Overall, the reduction of g s in leaves from the LL treatment may partially be due to differences in leaf temperature whereas the reduction of g s in LW is likely due to changes in leaf structure and/or signaling processes (Taiz et al. 2015) .
While the changes in LMA in leaves developing under LL were generally smaller than those documented in aspen saplings in the field (see Figure S1 available as Supplementary Data at Tree Physiology Online), the overall reduction of LMA and underlying structural and gas exchange changes likely signify coordinated plasticity in response to LL. In the field, above canopy leaf area index (LAI) explained 51% of the variation in Tree Physiology Online at http://www.treephys.oxfordjournals.org LMA of saplings residing below the canopy (see Figure S1 available as Supplementary Data at Tree Physiology Online). Lower LMA values were exhibited with high LAI and thus greater above-canopy shading. Leaf mass per area values in our LL treatment were lower than all but the most shaded saplings in the field (Figure 2 , Figure S1 available as Supplementary Data at Tree Physiology Online), but our light reduction treatment was likely more extreme than is typical in most aspen forests (where LAI rarely exceeds 3). Additionally, the extremely low LMA values observed in our experiment may have resulted from less overall fluctuation in abiotic and biotic factors imposed by field conditions (Poorter et al. 2016) . Overall, the leaf developmental acclimations resulting from LL are likely somewhat representative of how aspen leaves develop in the field under low relative light availability.
LMA and ecological implications
It is clear that LMA is an integrated trait that can vary widely in response to both water and light stress. Leaf mass per area itself, however, is derived from multiple anatomical cellular traits, and the varying integration of these traits facilitates acclimation to environmental stress. Parsing the mechanisms for changes in LMA promises to provide insights into physiological function, leaf development during acclimation, and resultant trade-offs in whole-plant carbon gain.
The anatomical causes and physiological consequences of LMA variation documented here are likely generalizable both to aspens growing in the field and across species. The LMA values and LMA responses to light and water deficit measured in this study are similar to values documented in juvenile and adult aspen trees (see Figure S1 available as Supplementary Data at Tree Physiology Online, Anderegg and HilleRisLambers 2015), thus we believe the acclimations we observed are unlikely to be experimental artifacts. Moreover, changes in leaf anatomy similar to those documented here can scale up to have consequences for organismal fitness (Becklin et al. 2016) . For example, at aspen's lowest elevation (high moisture deficit) range margin, there is a negative correlation between carbon investment per unit leaf area and basal area growth (Anderegg and HilleRisLambers 2015) , which is likely due in part to elevated WUE i and drought tolerance at the expense of reducing wholeleaf carbon assimilation.
The acclimation strategies documented here may be useful for anticipating how P. tremuloides may acclimate to climate change. The effects of anthropogenic climate change on regions of this species' range (e.g., western North American forests) are expected to include drought stress of elevated frequency, duration and severity (Seager et al. 2007 , Cayan et al. 2010 . Additionally, previous work on aspen has revealed that these effects have already resulted in widespread tree mortality (Anderegg et al. 2013) . Concerning aspen saplings, future elevated drought stress will likely induce development of leaves with elevated LMA, mesophyll surface area and consequently WUE i . Our study reinforces the importance of understanding leaf-level responses because these changes provide insight into developmental constraints and trade-offs on organismal physiology that are used to scale photosynthetic properties from the leaf level to the globe (Becklin et al. 2016) . Anthropogenic effects on aspen saplings via changes in the canopy light regime are likely, but may be complicated to predict. For instance, saplings in different parts of their ranges could be subjected to more light if surrounding trees die due to direct effects of climate change or less light if CO 2 or earlier phenology (Schwartz et al. 2006 ) results in less light permeating the canopy. Specifically, Zhu et al. (2016) showed that CO 2 fertilization largely explained a global trend of increasing LAI from 1982 to 2009. Increased LAI suggests reductions in light availability in the understory. Despite these complications, we believe that our approach of understanding how leaf structure and function respond to environmental stress is useful, for example in studies modeling the changes in biogeochemical processes.
Although LMA is often considered a 'functional trait', our results suggest that tying LMA directly to leaf function is complicated (see Figure 5 ). Leaf mass per area is widely used both in community ecology as a proxy for plant life history strategies (e.g., Wright et al. 2010) and as a critical parameter in essentially all Earth System models (e.g., Scheiter et al. 2013 ). Yet, our results highlight that LMA integrates multiple orthogonal stress responses-for example, increasing A smes /A in response to drought stress but decreasing LT in response to shade. One particularly stark example is that across species, low LMA is typically associated with an 'acquisitive' growth strategy and high relative growth rate (Wright et al. 2004 ), but within a species or individual low LMA is typically a response to light limitations that result in decreased carbon gain. Our results reinforce that studies should carefully consider how LMA is sampled and interpreted at different spatial, temporal and taxonomic scales.
Conclusions
(i) When grown under LW or LL, aspen saplings elevated or maintained water-use efficiency by expressing plasticity in leaf morphology (LMA). (ii) Changes in LMA were caused by distinct developmental responses; in LW, mesophyll cells increased in number but expanded less producing more mesophyll surface area, while in LL, palisade cells elongated less decreasing palisade cell surface area. (iii) These anatomical responses reveal multiple ways by which cellular configuration can be modified to maximize leaf function under environmental stressors. (iv) Because LMA is derived from variation in anatomy, carbon allocation dynamics and stress sensing, change in its value alone cannot predict physiological function. We suggest additional effort to quantify the underlying causes of LMA shifts to understand better the consequence of changed LMA and associated trade-offs such as reduced leaf lamina for light interception and gas exchange.
Supplementary Data
Supplementary Data for this article are available at Tree Physiology Online.
